factors accounting for one-third of crop yield variability (Ray, Gerber, MacDonald, & West, 2015) . In wheat, high temperatures combined with limited water supply at critical growth stages are recognized to be a major cause of yield loss (Ciais et al., 2005) . Improving wheat yield stability and ensuring crop performance under suboptimal conditions are crucial for food security as the crop represents 20% of the caloric intake of the world's population (Braun, Atlin, & Payne, 2010) . The Green Revolution has been successful in increasing wheat yield potential, that is, the yield of a cultivar grown under optimal environmental conditions, with ideal availability of nutrients and water, and control of biotic and abiotic stresses (Evans & Fischer, 1999) . At the farm scale, the ideal growth conditions for achieving yield potential are rarely observed, although there are multiple management technologies which can minimize predictable climatic impacts (Robertson, Kirkegaard, Rebetzke, Llewellyn, & Wark, 2016) . The difference between the yield potential and the onfarm yield is known as the yield gap (Fischer, Byerlee, & Edmeades, 2014; Lobell, Cassman, & Field, 2009) . Modern climatic challenges to crop production mean that current and future efforts in crop breeding must continue to increase yield potential while decreasing the yield gap, that is, ensuring that farm yields are commensurate with the yield potential, despite the observed climatic conditions (Araus, Slafer, Royo, & Serret, 2008) .
Understanding yield stability and crop performance under suboptimal conditions is key to decreasing the yield gap (Fischer & Edmeades, 2010) . Stability is defined as the ability of a given genotype to perform consistently across different environments and years of cultivation (Romagosa & Fox, 1993) . Crop performance under suboptimal conditions can be related to multiple biotic and abiotic factors. In the scope of this study, crop performance was evaluated under contrasting conditions of rainfall accumulation and distribution, and evapotranspiration demand, as a combined effect of air temperature and humidity. In general, the UK is representative of well-watered winter wheat cultivation (Fischer & Edmeades, 2010) . For the purpose of the present study, yield stability is considered a general characteristic of a genotype over multiple seasons or environments.
Some studies suggest that crop performance under suboptimal conditions is linked with yield penalties in years of optimal conditions (Tester & Langridge, 2010) . Identifying cultivars with combined high and stable yields and characterizing the genetic and physiological background of yield potential, stability, and performance under suboptimal conditions could enhance the understanding of the different strategies to reach improved yield performance despite the climatic conditions observed in any given season (Reynolds & Langridge, 2016) .
The present study aimed to test the previously suggested hypothesis that yield stability in suboptimal conditions is linked to yield penalties in optimal conditions (Tester & Langridge, 2010) , in a panel of commercial wheat cultivars in the UK. An additional objective was to investigate the impact of breeding over the last decades on grain yield and stability. The impact of variable environmental conditions over three consecutive field seasons on crop development and grain yield was evaluated. The results support the contention that contrasting climatic patterns, particularly rainfall accumulation and distribution over the growing season, influenced the crop development rate and relative grain yield patterns. Moreover, the combined results suggest that grain yield and crop performance under variable environments are not mutually exclusive traits. The results also suggest that breeding has favored yield potential without a concomitant improvement of yield stability. Four of the 61 cultivars delivered combined high and stable yields over the three seasons. Further investigation of traits presented in these cultivars can inform the breeding of high yielding and climate-resilient wheat cultivars to ensure future food security in the changing climate.
| MATERIALS AND METHODS

| Plant material and field experiments
The ERYCC panel is composed of 64 wheat elite cultivars, mainly from France and the UK, released between 1975 and 2008, and selected for Earliness and Resilience for Yield in a Changing Climate (ERYCC) (Ober et al., 2013) . The panel assembly was part of a project involving the Agriculture and Horticulture Development Board (AHDB) and funded by a DEFRA (Department for Environment, Food & Rural Affairs) Sustainable Arable Link to characterize wheat cultivars for earliness and resilience traits and identify potential parents for further crosses (Clarke et al., 2012) .
Plants of 61 ERYCC wheat cultivars were grown at the Rothamsted Research farm, in Harpenden, UK, for three consecutive seasons, the first being harvested in 2012 and the last in 2014. Seeds for the first experiment were acquired from UK breeders, and, for the following experiments, the seed used was that harvested from the previous experiment. All the experiments were planted as first wheat crops with sowing rate of 350 seeds per m 2 , in three randomized blocks.
Detailed information specific to each experiment is presented below (experiments identified by year of harvest):
• 2012: experiment planted at the Great Field 1&2, in a typical Batcombe soil (Avery & Catt, 1995) Table S1 .
Application of fungicides, insecticides, and herbicides, as well as fertilizers, was done accordingly to Rothamsted farm practices in the three seasons (Supporting Information Table  S2 ).
| Meteorological data
The meteorological data were acquired from the Rothamsted Meteorological Station at the Rothamsted farm. The distance from the station to the experiments was, in a straight line, of: 100 m for the 2012 experiment, 2.5 km for the 2013 experiment, and 1.3 km for the 2014 experiment. The maximum and minimum daily temperature (°C), the daily rainfall (mm), and the radiation (MJ/m 2 ) were used. From these data, the accumulated rainfall and accumulated radiation for a specific period were calculated as the sum of the daily value from the first to the last day in the period considered. Average daily temperature (T med ) was calculated as the mean of maximum daily temperature and minimum daily temperature. Degrees day was calculated considering the base temperature (T base ) for wheat crop as zero (McMaster & Smika, 1988) and by the equation system below:
The accumulated degrees day for a period of time was calculated as the sum of the degrees day from the first to the last day in the considered period.
| Crop development monitoring and growth stage definition
The Zadoks scale (Zadoks, Chang, & Konzak, 1974) was used to assess the date when half of the plants in each plot attained a given cereal growth stage. The scale is based on scores relative to crop development stages: tillering, stem elongation, booting, flag leaf expansion, ear emergence, flowering, grain filling, and maturation. The frequency of crop development monitoring depended on the crop stage and rate of change, being more frequent when crop development was faster and less frequent when crop development was slower. The delay in sowing was calculated as the number of days between sowing and the limit date for early sowing of winter wheat in UK, September 15 (AHDB, 2011).
| Yield measurement
Plants were harvested using a Haldrup-C65 (Haldrup, Le Mans, France) plot combine. Grain and straw weights were measured by the combine and corrected to 100% dry matter based on moisture content of a subsample taken from the harvested plot, at harvest time. Harvest index was calculated by the ratio of grain to total aboveground biomass weight (grain + straw) at 100% dry matter. Linear mixed models were fitted to the data corresponding to each year independently to evaluate any effects of possible spatial heterogeneity in crop yield. This analysis evaluated possible effects of rows and columns of the experimental field on the covariance structure of grain yield residuals (Cullis, Smith, & Coombes, 2006) .
Relative values of grain yield, biomass, and harvest index were calculated for each cultivar by dividing the measured value for the cultivar by the average value of the 61 cultivars in the respective year. By way of example, a relative grain yield value of 1 means that the cultivar had the same grain yield as the average for the 61 cultivars in that season.
| Productivity, stability, and performance under suboptimal conditions
The following indices were calculated for each cultivar: (a) the productivity index was calculated as the average of the relative grain yield over the three seasons; (b) the yield stability index was calculated as the ratio between the cultivar grain yield standard deviation and the average grain yield for the 61 cultivars over the three seasons; (c) the suboptimal performance index was calculated as the average of the relative grain yield for 2013 and 2014, due to the lower accumulated rainfall at crucial stages and the reduction in grain development duration. Index values were ranked from 1 to 10, with the smallest value being ranked 1 and the highest ranked 10; the intermediate values were calculated based on a linear regression between the minimum and maximum limits defined by a first-degree equation.
(1)
| Year of release analysis
Correlation analysis and linear regression were used to evaluate the impact of the year of release on cultivar productivity and stability. Four different compositions of the population were analyzed according to year of release: ERYCC panel (full population-61 cultivars), post-1980 (cultivars released after 1980-56 cultivars), post-1990 (cultivars released after 1990-45 cultivars) and post-2000 (cultivars released after 2000-36 cultivars). These compositions aimed to study the impact of breeding on productivity and yield stability.
| Genotyping and genetic similarities
Grain subsamples for the 61 cultivars were taken from the 2012 harvest for genotyping. The Axiom ® Wheat Breeder's
Array was used at the School of Biological Sciences, University of Bristol, to genotype the cultivars using the Affymetrix GeneTitan ® system, according to the procedure described by Affymetrix (Axiom ® 2.0 Assay Manual Workflow User Guide Rev3). A total of 35,143 markers were screened for the 61 cultivars. Allele calling was carried out using the Affymetrix proprietary software package Affymetrix Analysis Suite. The genetic distance (GenDist) for pairs of cultivars was calculated according to Gao, Yang, Zhao, and Pan (2005) . From the genetic distance matrix, a similarity matrix was calculated by:
where a and b are the two cultivars for which the similarity is being measured. A hierarchical cluster analysis based on group average was carried out for the similarity matrix, using GenStat 17th Edition (VSN International Ltd., Hemel Hempstead, UK). The similarity to Gladiator was used for the correlation analysis, due to its superior performance in terms of the average relative grain yield over the three seasons.
| Heritability
Broad-sense heritability (H 2 ) was calculated for grain yield in each season using the procedure described by Cullis et al. (2006) , based on the ratio of the between-cultivar variance component and the mean variance of the difference between two cultivar means, as estimated by best linear unbiased predictors (BLUPs).
| Correlation analysis
The Pearson product-moment (PPM) coefficients (r) were used to assess correlations between traits using GenStat 17th Edition (VSN International Ltd.).
| RESULTS
| The duration of the crop development phases was affected by sowing date and climatic conditions
The crop growing season was longer in 2012 (317 days) than in 2014 (280 days) and was shortest in 2013 (259 days). In all three growing seasons, for logistic reasons, the crop was sown later than recommend for winter wheat crops in the UK (15th September; AHDB, 2011). Sowing in the 2013 season was 88 days late (12/12/2012; Figure 1 ), followed by the 2014 season, which was 61 days late (15/11/2013) , and the 2012 season, which was 20 days late (5/10/2011). The grain development stage was particularly shorter, with 31 days in 2013, compared to 37 days in 2014 and 47 days in 2012 (Figure 1) . In an integrated analysis of data over the three seasons, the delay in sowing was negatively correlated to the duration of the grain development phase (r = −0.93, p < 0.001).
The three seasons were characterized by considerably different meteorological conditions, which may have impacted on the duration of the crop development phases (Figure 1 ). The 2012 season was characterized by the highest rainfall accumulation, over the whole season (768 mm) and during the vegetative growth (201 mm), reproductive (133 mm), and grain development stages (169 mm). The 2013 season had the lowest rainfall accumulated over the whole season (506 mm) and during the vegetative growth (75 mm), reproductive (19 mm), and grain development stages (48 mm). For the 2014 season, the total rainfall accumulated was closer to the 2012 season (739 mm), but unevenly distributed over the growing season, with greater accumulation at the early stages. The rainfall accumulated in 2014 at the vegetative growth (115 mm), reproductive (26 mm), and grain development stages (40 mm) was much lower than in 2012 and closer to the 2013 patterns (Figure 1 ). The final radiation accumulated was very similar for the three seasons; however, 2014 presented higher accumulated radiation at the reproductive stage. On the contrary, the accumulated degrees day over the season was much lower in 2013 (2,411°C day) than in 2012 and 2014 (3,114 and 2,948°C day, respectively). Overall, both accumulated rainfall and degrees day were fairly well distributed over the 2012 season, while in 2013 and 2014, rainfall was less frequent and degrees day and radiation accumulated to a greater extent at the later developmental stages. The greater accumulated rainfall during the establishment and vegetative growth stages could have provided sufficient soil moisture for sustained development of the crop in 2014 compared to 2013.
(2) Similarity ab = 1 − GenDist ab ,
| Breeding of modern wheat cultivars improved productivity, but not stability
The average grain yield of the 61 cultivars was highest in 2012 (12.3 t/ha), intermediate in 2014 (11.6 t/ha), and lowest in 2013 (7.9 t/ha). The relative grain yield of each cultivar, as a fraction of the average yield of the 61 cultivars in each season (Table 1) Of the 61 cultivars, 16 always yielded at or above the average (highlighted in gray; Table 1 ). From those, Gladiator, Humber, Mercato, and Zebedee presented high and stable yields over the three years (Figure 2 ). These cultivars also presented an improved performance under suboptimal conditions (2013 and 2014), with Zebedee close to the higher quartile for 2014 (1.04 relative yield compared to 1.05 as the top quartile baseline; Table 1 ). There was a positive correlation between productivity and stability for the panel over the three seasons (r = 0.40, p < 0.001; Figure 2 T A B L E 1 Grain yield of 61 UK wheat cultivars relative to the panel average for each of three seasons (2012, 2013, and 2014) . Values are means ± standard error of the mean (n = 3) of plot grain yield for a given cultivar as a ratio of the respective season average grain yield for the 61 cultivars. Green arrows directed upward represent values on the upper quartile; yellow arrows directed to the right represent values on the two intermediate quartiles; red arrows directed downward represent values on the lower quartile. Cultivars in light gray had relative grain yields always at or above the 61-cultivar average; cultivars in dark gray had relative grain yields always at or above the 61-cultivar average and were in the upper quartile for 2013 and 2014 with the slight increase in slope in more recent releases suggesting somewhat faster rates of grain yield increase. Conversely, year of release was not significantly correlated to yield stability, as indicated by the yield variation over the three seasons (p > 0.05), suggesting that in the past decades wheat breeding has been successful in improving yield potential, but not necessarily yield stability. In this analysis, stability is considered as a general trait related to yield variation. An alternative approach is to consider crop performance under suboptimal conditions, such as those experienced in 2013 and 2014. The suboptimal performance index, estimated based on the average relative grain yield for 2013 and 2014, was positively correlated to year of release (r = 0.50, p < 0.001), indicating that modern wheat cultivars tend to perform consistently better, despite the environmental conditions they are exposed to.
Cultivar
| Genetic similarity partially explained grain yield patterns
Crop performance in terms of grain yield pattern over the three seasons was correlated to the marker-based genetic similarity (Figure 4) . The genetic similarity was estimated with reference to the cultivar Gladiator, due to its superior average relative grain yield over the three seasons, and was positively correlated to the productivity (r = 0.35, p < 0.01) and the suboptimal performance indices (r = 0.37, p < 0.01). No significant correlation was observed between genetic similarity and yield stability. The link between the genetic similarity and yield performance can also be observed by the proximity of some cultivars in the cluster, such as Ambrosia and Gladiator or Musketeer and Glasgow (Figure 4) .
| DISCUSSION
Assessment of crop productivity, yield stability, and relative performance under suboptimal conditions enabled the identification of four high-performing wheat cultivars. To enable this analysis, 61 wheat cultivars of the ERYCC panel were grown at the Rothamsted farm, in the UK, for three consecutive seasons: 2012, 2013, and 2014. Genetic variation was observed in grain yield, yield stability, and performance under suboptimal conditions. Genetic similarities partially explained yield performance.
Understanding yield performance of wheat cultivars under different environmental conditions is crucial to select potential targets for breeding programs and to predict plant behavior in future climatic conditions. According to Semenov, Stratonovitch, Alghabari, and Gooding (2014) , modeling of future climatic conditions suggests that the wheat cycle in Europe will tend to be shorter with later sowing and earlier harvest. Later sowing of winter wheat in temperate climates may be necessary so that the crop T A B L E 2 Standard error of the mean (SEM) and heritability for grain yield of 61 UK field-grown wheat cultivars over three seasons (2012, 2013, and 2014) 
F I G U R E 2 Relationship between
grain yield and yield stability of 61 UK field-grown wheat cultivars over three consecutive seasons (2012, 2013, and 2014) . The horizontal line represents the average for the 61 cultivars over the three seasons experiences ideal temperatures (Waha, van Bussel, Müller, & Bondeau, 2012) . Warm temperatures early in the cycle will otherwise result in the formation of dense canopies before winter commences and lead to frost damage (AHDB, 2011). In addition, drought and heat stress are more likely to occur at the late stages of the crop cycle. These conditions will impact on the duration of critical developmental stages, such as grain development, limiting yields. The above-cited conditions are particularly similar to the ones observed in the present study in the 2013 season, and less so in the 2014 season. The negative impact of late sowing in grain yield observed in the present study was also reported by Ghaffari, Cook, and Lee (2002) . Finding the best sowing date to maintain yield stability in the changing climate may prove challenging. The combination of high yield and yield stability is a desired trait for crop breeding. The hypothesis that yield stability in suboptimal conditions is linked to yield penalties in optimal conditions was not supported by the results reported herein. There was a positive correlation between productivity and stability (r = 0.40, p < 0.001; Figure 2) , and the performance of the highlighted cultivars, Gladiator, Humber, Mercato, and Zebedee (Figure 2) , suggested combined high and stable yields in these cultivars in the three seasons and respective environmental conditions. Future investigation of yield stability in conditions far more stressful than those observed in the present study may yield different conclusions.
Gladiator, Humber, Mercato, and Zebedee attained grain yields always at or above the 61-cultivar average and presented relatively low variation in yield over the seasons. For instance, Gladiator yielded ca. 15% more than the 61-cultivar average and presented a yield variation of ca. 13% over the three years. Zebedee was more stable, but yielded less than Gladiator on average. Istabraq had an outstanding performance in terms of yield, but was relatively less stable with ca. 25% variation. On the other hand, Buster was the most stable cultivar (8% variation), but yielded 16% less than the 61-cultivar average in 2012 ( Figure 2 and Table 1 ), supporting the contention that some, but not all, cultivars with stable yields are penalized in good years, such as 2012.
The four best cultivars in terms of grain yield and stability were all released on or after 2000 (Gladiator, 2005; Humber, 2006; Mercato, 2005; Zebedee, 2000) , but there was no correlation between year of release and stability for the whole population. The presence of cultivars released before the Green Revolution could have biased the analysis, but the lack of correlation was consistent when considering only cultivars released more recently. (Table 1) , showing greater resilience to the conditions faced in the two seasons. However, Ambrosia did not attain as high yield as the others, Istabraq was less stable, and Musketeer was intermediate between the two. This highlights the importance of choosing cultivars not just for one characteristic, but a combination of high yield, performance under adverse environmental conditions and yield stability, as previously suggested by Powell, Ji, Ravash, Edlington, and Dolferus (2012) . Broad-sense heritability of grain yield helped to understand the impact of the environmental conditions on yield variation over the three seasons. Carmo-Silva et al. (2017) reported broad-sense heritability of 0.89 and 0.58 for grain yield in 2012 and 2013, respectively. Those values were different from the ones reported in this study (Table 2) , although, in both studies, they suggest greater genetic control of grain yields in 2012, compared to 2013. The suboptimal conditions observed in 2013 impacted on the final grain yield and increased the yield gap. Grain yield is a complex trait driven by a combination of multiple genes. Evaluating the heritability of less complex traits related to yield stability could help understand plant performance in different environmental conditions. The differences in the reported heritability values herein and in Carmo-Silva et al. (2017) are likely to be related to the subjectivity of the decision on the best model on the REML (reduced maximum likelihood) method to account for spatial variation on the field data. Different analyzers might end up with different models, impacting on the heritability calculations.
Revealing the genetic and physiological background of yield potential, stability, and performance under suboptimal conditions could enhance the understanding of the different strategies adopted by cultivars to reach a better performance (Reynolds & Langridge, 2016) . In the specific case of the duration of grain development, which is critical for final grain yield (Evans & Fischer, 1999) , cultivars with superior performance might be more efficient in their use of resources for grain filling (Hunt, van der Poorten, & Pararajasingham, 1990) or able to extend the duration of this growth stage F I G U R E 4 Crop performance indices and genetic similarities based on marker analysis for 61 UK field-grown wheat cultivars over three consecutive seasons (2012, 2013, and 2014) . Productivity, rank for average relative grain yield for the three seasons; stability, rank for the ratio between the cultivar grain yield standard deviation and the average grain yield for the 61 cultivars over the three seasons; suboptimal performance, rank for average relative grain yield for 2013 and 2014. Ranks vary from 1 (dark red) to 10 (dark green). Cultivars in light gray presented relative grain yield always at or above the 61-cultivar average; cultivars in dark gray presented relative grain yields always at or above the 61-cultivar average and were in the upper quartile for 2013 and 2014 despite sowing date or accumulated rainfall patterns (Richter & Semenov, 2005) .
Carmo-Silva et al. (2017) reported that, for the 2013 season, Gladiator was the highest yielding cultivar and presented the highest flag leaf longevity (from Zadoks 4 to Senescence index 5) across the ERYCC panel. This cultivar also showed no decrease in flag leaf photosynthetic rate from pre-to postanthesis, presenting one of the highest flag leaf photosynthetic rates at postanthesis. These results suggest a sustained supply of photoassimilates from the flag leaf to the grain, despite the suboptimal conditions in 2013. Pennacchi et al. (2018) reported the positive correlation between flag leaf photosynthetic levels and stay green to wheat yield, and Lopes and Reynolds (2012) also reported a correlation between flag leaf duration and grain yield in wheat under drought and/or heat stress. In addition to that, Carmo-Silva et al. (2017) also showed that Mercato and Zebedee had high flag leaf photosynthetic rate at preanthesis, which could have promoted stem reserve accumulation. During the grain development stage, these reserves could have been reallocated to the grain, explaining their higher yields in 2013. The importance of stem reserve remobilization to the grain under heat stress in wheat was reported by Blum, Sinmena, Mayer, Golan, and Shpiler (1994) and Tahir and Nakata (2005) . Although the temperatures were not as extreme as in those studies (over 38°C), in 2013 a combined effect of high temperature and radiation with low water availability at grain development could have increased reserve reallocation compared to 2012 (Table 3) . Alternative strategies such as those observed for Gladiator and for Mercato/Zebedee could improve the grain filling rate under suboptimal conditions and impact on grain yield and yield stability.
In addition to flag leaf photosynthesis, ear photosynthesis also contributes to grain filling (Sanchez-Bragado, Molero, Reynolds, & Araus, 2014; Zhou et al., 2016), especially under abiotic stress (Abbad, El Jaafari, Bort, & Araus, 2004) . Moreover, the source-sink balance can regulate photosynthesis (Paul & Foyer, 2001 ) and grain filling (Paul, Oszvald, Jesus, Rajulu, & Griffiths, 2017) , impacting directly on wheat yields (Valluru, Reynolds, & Lafarge, 2015) . Finally, it is noteworthy that to ensure food security both grain quantity and quality need to be considered (Shewry, 2007) .
Although more modern cultivars presented higher yields in this study and the rate of yield increase in the ERYCC panel has been sustained around 0.5 t ha −1 decade −1 (as reported in this study and by Clarke et al., 2012) , the lack of yield stability and the negative impact of suboptimal conditions on grain yield production for most wheat cultivars may contribute to explain the recent plateauing of wheat yields at around 8 t/ha, at the farm level, in the UK since 1996 (Knight et al., 2012) .
| CONCLUSION
This study identified four UK modern cultivars, Gladiator, Humber, Mercato, and Zebedee, with relatively high grain yield potential combined with stable yields across three seasons characterized by contrasting environmental conditions for the UK. Further study of the genetic and physiological basis of combined yield potential and stability using these cultivars is warranted. The findings are relevant to the development of mapping populations in breeding programs aimed at increasing yield potential and climate resilience for temperate regions in order to achieve sustained increases in yields at the farm level. http://orcid.org/0000-0001-8760-2247
T A B L E 3 Environmental conditions at grain development stage for 61 UK field-grown wheat cultivars over three seasons (2012, 2013, and 2014) 
